Rationale Stimulation of nicotinic cholinergic systems has been shown to alleviate ADHD symptoms and to improve cognitive performance. AZD1446 is a selective α4β2* nicotinic acetylcholine receptor agonist with potential effect on the symptoms of ADHD. Objectives The purpose of this study is to evaluate the efficacy, safety, and pharmacokinetics of AZD1446 in adults with ADHD treated for 2 weeks. Method This was a randomized, double-blind, placebocontrolled crossover trial. Participants were 79 adults with ADHD, grouped according to their use of nicotine-containing products. Nicotine non-users received placebo and two of three AZD1446 treatment regimens (80 mg tid, 80 mg qd, 10 mg tid). Nicotine users received placebo, AZD1446 80 mg tid and 80 mg qd. Efficacy measures included the Conners' Adult ADHD Rating Scale and cognitive measures of immediate and delayed verbal episodic memory, learning, attention, working memory, executive functioning, and spatial problem solving (CogState computerized test battery). Results There was no significant effect of AZD1446 on any of the clinical scores irrespective of dose, schedule, or concomitant use of nicotine products. A statistically significant improvement was seen on the Groton Maze Learning Task, a measure of executive functioning, in nicotine nonusers after treatment with AZD1446 80 mg qd. Conclusions AZD1446 was well tolerated, but did not significantly improve ADHD symptoms after 2 weeks of treatment
compared to placebo. While the present study does not support the therapeutic utility of AZD1446 in ADHD, its potential pro-cognitive effects remain to be explored in other neuropsychiatric disorders.
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Background Attention-deficit/hyperactivity disorder/hyperkinetic syndrome (ADHD/HD, Diagnostic and Statistical Manual of Mental Disorders (DSM-IV)/ICD-10) is one of the most common neuropsychiatric disorders with the reported worldwide-pooled prevalence of 5 % (Polanczyk and Rohde 2007a) . Although ADHD is a developmental disorder, there is evidence that clinical symptoms as well as cognitive deficits persist into adulthood (Faraone et al. 2001; Polanczyk et al. 2007b) . Moreover, ADHD is associated with considerable impact on quality of life for the individual (underachievement, social stigma, consequences of impulsivity), on family functioning, and costs for society (medical care consumption, work productivity loss, and encounters with the criminal justice system) (Klassen et al. 2004; Bernfort et al. 2008) . Though often treated effectively with psychostimulants, there is a recognized need for new medications that would provide efficacious and safe long-term treatment of ADHD.
The nicotinic acethylcholine system may be one of the new targets for the development of alternative drugs for ADHD. Improvement in cognition, facilitation of attention has been observed in different animal species, healthy human volunteers, and ADHD when using nicotine Levin et al. 1996 Levin et al. , 2002 Newhouse 2006, 2008) . It has been demonstrated that nicotine exerts its beneficial effect selectively on behavioral inhibition and delay aversion tasks, which are known to have good discriminant validity in distinguishing subjects with ADHD from controls (Potter et al. 2006 (Potter et al. , 2012 . Stimulation of neuronal nicotinic acetylcholine receptors (nAChRs) by nicotine may be mediated directly via cholinergic neurotransmission and/or by modulating activity of other neurotransmitters including dopamine, which in turn has a recognized role in the neurobiology of ADHD (Brody et al. 2009; Tomasi and Volkow 2012) .
nAChRs are pentameric ligand-gated ion channels distributed broadly across the brain. The most common high-affinity nicotine binding sites, α4β2* nAChRs, have been recognized as a novel target for disorders with cognitive impairment as supported by genetic studies and pharmacological studies in animals. An intron mutation in the α4 subunit gene (CHRNA4, encoding the α4 part of α4β2 receptors) has been linked to severe attention impairment and visuo-spatial attention has been associated with a polymorphism in CHRNA4 (Todd et al. 2003; Greenwood et al. 2012 ). Deletion and reexpression of the nAChR β subunit has been related to attention impairment and its restoration, respectively (Guillem et al. 2011) . Selective agonists for α4β2* nAChRs have been shown to enhance sustained attention performance, to improve vigilance in rodents, to prevent distractibility and improve accuracy in non-human primates (Prendergast et al. 1998; McGaughy et al. 1999; Grottick et al. 2001; Howe et al. 2010; Rezvani et al. 2011 Rezvani et al. , 2012 Young et al. 2013) , and to ameliorate behavioral deficits in animal models of ADHD (Ueno et al. 2002) . Ispronicline (TC-1734/AZD3480) has shown improved attention in healthy young subjects, producing an EEG pattern similar to that seen with drugs which are known to improve attention and vigilance (Dunbar et al. 2007 ). The proposed mechanisms of pro-cognitive action of α4β2* nAChRs agonists was related to the modulation of the tonic cholinergic activity (Sarter et al. 2006) .
Given such characteristics, α4β2* nAChR agonists were considered a novel therapeutic opportunity for ADHD, which is a disorder with multiple cognitive dysfunctions and with prominent impairment of brain networks underlying sustained attention and reward (Castellanos et al. 2006; Cubillo et al. 2012) . Several α4β2* nAChR agonists have reached clinical phase of drug development. Initial results supported their clinical efficacy in ADHD, with specific improvement of inattention and inhibitory behaviors (Wilens et al. 1999 (Wilens et al. , 2006 Apostol et al. 2012; Potter et al. 2013) .
AZD1446 is a selective agonist to α4β2/α2β2* nAChRs with demonstrated efficacy on long-term and working memory, spatial learning/memory, and attention tasks in rodents Szeliga et al. 2012 , AZ data on file). In phase I studies, AZD1446 was generally safe and well tolerated (AZ data on file). The main aim of the present study was to examine whether 2 weeks of treatment with AZD1446, compared with placebo, improves the core symptoms of ADHD in adults, as measured by the CAARS-INV total ADHD symptom score. The study also aimed to test the potential effect of nicotine co-administration, as nicotine would compete with AZD1446 at the same receptors and is known to induce nicotine receptor upregulation, desensitization and tolerance (Wells 2008; Mukhin et al. 2008; Srinivasan et al. 2011) . Therefore, the study included two cohorts of adult patients, those who were free from nicotine-containing products as well as those who were using them. In addition, the study explored the potential effect of AZD1446 on impaired cognitive functions (as measured by a CogState computerized test battery).
Method

Participants
Subjects were enrolled via clinical referrals and advertisements in the local media. Eligible subjects, aged 18 to 65 years, nicotine non-users and nicotine users, met the diagnostic criteria for ADHD (DSM-IV, APA 2000) as determined using Conners' Adult ADHD Diagnostic Interview for DSM-IV administered by a trained clinician. Subjects also had at least moderate ADHD symptom severity, defined as a score of ≥2 on at least six of nine items in at least one of the subscales of the CAARS-INV Total ADHD Symptoms score (18 items) and ≥4 (at least moderately ill) on the Clinical Global Impressions for ADHD Severity (CGI-S) score. Exclusion criteria were: schizophrenia, bipolar disorder, a history of oppositional defiant disorder, acute anxiety disorders, acute depressive episode, or other unstable psychiatric conditions. In addition, serious medical illness, drug or alcohol dependence, pregnancy, nursing, participation in a previous drug trial in the last 30 days, and treatment with any psychoactive drug in addition to study medication were exclusionary. Use of psychostimulants was not allowed starting 2 weeks prior to randomization and during the study.
The study included two cohorts of patients, those who did not use nicotine-containing products and those who used them. Non-users of nicotine-containing products were defined based on a self-report of not having used any product which contains nicotine during the past 6 months prior to enrolment, and having serum cotinine of 14 ng/mL or less at enrolment.
Users of nicotine-containing products were defined as those having daily use of nicotine products during the past 6 months prior to enrolment and having serum cotinine levels >14 ng/mL at enrolment. Nicotine product users could not have used smoking cessation therapy within 4 weeks prior to enrolment or during the study.
Clinicians and research staff from six study centers in the USA experienced in diagnosing and treating adults with ADHD participated in the study. The study was conducted in accordance with the principles of the Declaration of Helsinki and International Conference on Harmonization/Good Clinical Practice guidelines. All study centers received approval from institutional review boards or independent ethics committees. Following complete explanation of study procedures and risks, each subject provided written informed consent.
Study design and treatments
A multicenter, double-blind, placebo-controlled, randomized, three-way crossover 2-week treatment period study was conducted. Following randomization, patients were administered AZD1446 or placebo for 2 weeks for each of three treatment assignments, with a 21-day washout between each treatment period. A follow-up visit was conducted 7-10 days after the last treatment dose (Fig. 1) .
The study tested two doses of AZD1446 and two dose schedules, a combination of which resulted in 10 mg tid, 80 mg tid, 80 mg qd treatment regimens in the cohort of nicotine non-users and 80 mg tid, 80 mg qd in nicotine users. The choice of dose was based on predictions from preclinical efficacy studies (AZ data on file) and phase I studies showing short half-life of AZD1446 (in the range of 2-3 h) and affinity in vivo of 128 nmol/L (total plasma concentration at 50 % receptor occupancy) (Jucaite et al. 2012) . In addition, an observation that efficacy was seen with AZD3480 (TC-1734) at the doses reaching high α4β2* nACh receptor occupancy (AZ data on file) was considered. The choice of different dose schedules was based on the hypothesis that efficacy may be driven by short interaction with α4β2* nACh receptors, as suggested by preclinical studies (AZ data on file).
All doses of AZD1446 and placebo were delivered in identical-appearing capsules and administered orally. Nicotine non-users received placebo and two of three AZD1446 treatment regimens (80 mg tid, 80 mg qd, and 10 mg tid) (detailed randomization description in notes to Fig. 1 ). Nicotine users received placebo, AZD1446 80 mg tid, and AZD1446 80 mg qd. Blinded study treatment (AZD1446 or placebo) was administered to all patients three times daily during all the three 2-week treatment periods. Treatment periods were separated by a 21-day washout period, during which patients received placebo tid.
Assessments
Each subject underwent a comprehensive clinical evaluation by a study psychiatrist. History of nicotine use was checked and S-cotinine test was performed to control assignment of subjects to the study cohorts. Follow-up (FU); qd, once daily; tid, three times daily). This threeway crossover study consisted of 2 weeks of treatment with three drug conditions. Nicotine non-users were randomized to one of 18 possible sequences; all sequences had one period of placebo and two periods with AZD1446. Those two periods had two out of three possible dose regimens, resulting in subjects receiving placebo (n=44), AZD1446 10 mg tid (n=28), 80 mg tid (n=31), and 80 mg qd (n=27). Nicotine users were randomized to one of six possible sequences, with three periods, i.e., placebo and AZD1446 80 mg qd and 80 mg tid. Subjects of this cohort received placebo (n=20), AZD1446: 80 mg tid (n=20) and 80 mg qd (n=22)
Clinical rating scales
The primary efficacy measure was a clinical endpoint, the Conner's adult ADHD rating scale investigator administered (CAARS-INV, Conners et al. 2004 ; see also definition in "Statistics"). The CAARS-INV total ADHD score is the sum of the inattentive score and hyperactive/impulsive score and reflects the 18 symptoms included in the DSM-IV ADHD diagnostic criteria. All other clinical ADHD scores used in the trial were designated secondary endpoints comprising the DSM-IV ADHD symptoms Inattention subscale, Hyperactivity subscale (from the 30-item scoring), the ADHD Index and the CAARS-S/SV, a self-report score. Overall therapeutic effect was assessed with the clinical global impression scale severity score (CGI-S, Guy 1976). The scales were administered at screening, randomization, pre-dose, and end of each treatment period.
Cognitive measurements
A test battery was used to examine effects of AZD1446 on cognitive performance. Tests that measure attention, verbal episodic memory and learning, working memory, response inhibition, and spatial problem solving were chosen and were administered using the computerized CogState Clinical Trials Cognitive Testing System (CogState Ltd., Melbourne, Australia). A practice session was conducted at study screening to familiarize subjects with the tasks. The specific tests in this battery were selected because they are brief, can be given repeatedly without eliciting practice effects, have demonstrated ability to detect cognitive deficits in the domains of interest for individuals having ADHD, and because the tasks have been shown to be sensitive to cognitive change associated with perturbation of the nicotinic cholinergic system Newhouse 2004, 2008; Potter et al. 2006 Potter et al. , 2012 . The following tasks were included:
International Shopping List Task (ISLT) measures immediate and delayed verbal memory and learning and consists of four trials (three learning and one delayed recall trial (as described previously by Lim et al. 2009 ). Subjects were instructed to remember 12 shopping items that they would typically obtain from their local store. The list was presented three times in the same order, with the list and word order randomized for each patient and assessment time point. During learning trials, participants were asked to recall as many items as possible from the initial list. Then, following a delay of approximately 30 min during which they were administered other cognitive tasks, the subjects completed the delayed recall trial. The primary outcome measure was the number of correctly recalled words.
One Back (OBK) and Two Back (TBK) Tasks are measures of working memory and attention. Participants attended to a playing card presented in the center of the screen and indicated if the card was "exactly the same as the immediately previous card?" (OBK) or "as that shown two cards ago?" (TBK). The primary performance measure was the proportion of correct answers (accuracy), normalized using an arcsine square-root transformation. Groton Maze Learning Task (GMLT) is a task that measures executive function and spatial problem solving. A 10×10 grid of tiles with a hidden 28-step pathway (maze) was presented on a computer touch screen. The subjects were instructed to move one step-one tile at a time in order to learn the correct pathway through the maze, guided through trial and error feedback. Alternate forms for this task were selected in order to ensure that no subject repeated the same hidden path during the study. Subjects completed each maze five times in each testing session. The primary measure was the total number of errors, with lower scores denoting better performance. The Stop-Signal Task is a measure of response inhibition, i.e., the ability to withhold a pre-potent response. This is a primary choice reaction time task with an infrequently occurring (25 % of trials) auditory tone (the "stop signal") indicating that the subject should inhibit their response on that trial (Logan et al. 1984) . The task began with a 250-ms delay between the go and stop signals (stop signal delay (SSD)), which was dynamically adjusted by 50 ms after every stop trial to approximate a 0.5 probability of successful inhibition. Subjects completed four blocks of 64 trials. The stop signal reaction time was the main outcome variable, calculated by subtracting the average SSD from the mean Go-RT (Logan et al. 1984) .
AZD1446 plasma concentrations and pharmacokinetic data analysis
To determine the concentration of AZD1446 in plasma, venous blood samples (4 mL) were collected by a sparse sampling schedule, with a maximum of 12 PK samples from each individual during the course of the study. Plasma concentrations of AZD1446 were determined using LC-MS/MS after ultrafiltration (Quotient Bioresearch Ltd., England). The PK analysis set included data from all randomized patients who received at least one dose of AZD1446 treatment and had at least one valid PK assessment (48 nicotine non-users and 22 nicotine users). Data collected during the placebo treatment were excluded from the PK analysis set. In total, 314 plasma concentrations were included in the PK analysis. A population PK model was used to obtain individual exposures for the patients using the Empirical Bayes Estimates from the POSTHOC step in NONMEM™, version 7.1.0 (Icon Development Solutions, Ellicott City, MD, USA). The individually predicted parameters were used to obtain secondary PK parameters by employing the analytical solutions to steady-state pharmacokinetic equations valid for one compartment model. The PK parameters of AZD1446 were summarized by cohort.
Safety assessments
Safety and tolerability assessments included records of adverse events; vital signs (pulse, blood pressure); electrocardiogram (ECG); clinical chemistry and hematology assessments; urinalysis. Profile of Mood States (POMS, standard version, 65 items (McNair et al. 1971 ) was assessed at baseline, and at the start and end of each treatment period. The Columbia Suicide Severity Rating Scale was administered during these same on-site visits and, in addition, via telephone during washout periods. Adverse events and medical/surgical history were classified according to the terminology of the Medical Dictionary for Regulatory Activities, MedDRA, version 13.1 (Nov 1, 2010) (Brown et al. 1999 ).
Statistics
The sample size estimates for this study were based on the primary efficacy variable, i.e., clinical endpoint, described as a change from baseline to week 2 in the CAARS-INV Total ADHD Symptoms score. A sample size of 36 nicotine non-users and 24 nicotine users who completed the study was sufficient to ensure >90 % power, assuming an effect size of 0.625 (corresponding to a difference of 5 points on CAARS-INV Total score with a standard deviation of 8 points) in one treatment regimen of AZD1446 versus placebo in either cohort. In addition, to account for dropouts, subjects were randomized until it was predicted that 36 nicotine non-users would complete all three periods (eventually 34 nicotine non-users completed all three periods).
This study had two main objectives, i.e., to show clinical efficacy of AZD1446 separately in each of the two cohorts of patients, nicotine non-users and nicotine users. Identical and parallel analyses were performed for the two cohorts. Statistically significant level of 0.10, with a one-sided test of superiority, was chosen for statistical comparison of AZD1446 efficacy over placebo in CAARS-INV ADHD Symptoms Total after 2 weeks of treatment. Except for the primary analyses, all statistical tests were two-sided with a significance level of 5 % (i.e., α=0.05). Within all analyses, Dunnett's method was used to adjust for comparisons of multiple doses versus placebo. No corrections for multiple comparisons between the tests were made.
Descriptive statistics were used to summarize assessments by visit or treatment period, and either relative to the start of a randomized dose, or relative to the start of study. A mixed effects repeated measures model (MRMM) was used to analyze the primary variable in each cohort with pre-specified fixed factors (period, week, treatment, baseline), fixed interactions (period and week, treatment and week) as fixed effects and random factor (subject), random interaction (subject and period).
The full analysis set was used for all efficacy and safety/tolerability analyses, and included data from all randomized patients who took at least one dose of randomized treatment and had at least one set of post-randomization assessments. There were generally no imbalances in either cohort between treatment groups in any demographic or subject characteristic baseline variables, concomitant medication, or treatment compliance that could have had a potential influence on the results. Most missing data were due to study discontinuation. There were few missing assessments prior to discontinuation, with minimal impact on the analysis. Because the MRMM analyzes observed values and not changes from baseline, a missing baseline score for a patient did not result in all post-baseline observations being dropped from analysis for that patient. All statistical analyses were carried out using SAS (R) software version 9.1.
Results
A total of 135 adults with ADHD from six centers in the USA were enrolled in the study, with 79 (69 males and ten females, aged 20 to 62 years of age) randomized to study treatment. The randomized study population included 52 patients who did not use nicotine and 27 patients who used nicotine (Fig. 2) . Recruitment occurred between November 2009 and August 2010.
Both cohorts had a greater proportion of patients diagnosed with the combined type of ADHD than the predominantly inattentive type of ADHD (Table 1) . Nicotine users had been treated longer for ADHD than nicotine non-users. There were two patients with a history of suicide attempts (one attempt each), both in the nicotine users cohort. Mean duration of exposure was similar across the treatment arms in both study cohorts. Similar number of subjects completed three treatment periods in the two cohorts (65 % (34/52) of nicotine non-users and 52 % (14/27) of nicotine users) (participation by period is described in Fig. 2 ).
Efficacy
Clinical symptoms
The primary efficacy endpoint analysis showed that AZD1446 did not improve clinical symptoms of ADHD in any of the treatment groups compared to placebo as measured by the CAARS-INV Total ADHD symptoms score (p> 0.10) ( Table 2 ). The highest difference in LS mean values, in favour of AZD1446 was observed in nicotine non-users at 80 mg qd dose (difference to placebo −1.28, with a 95 % confidence interval −4.65, 2.10; Table 2 ). In nicotine users, the difference in effects was in favour of placebo (LS mean 3.37 and 2.19 for 80 mg tid and 80 mg qd, respectively; Table 2 ). In order assess the efficacy without confounding by period effects, which could potentially be present in crossover studies, data were also presented by first treatment period only. In this subset of data, reduction in CAARS-INV Total ADHD symptoms score was observed in all treatment groups, although, there were no obvious differences between treatments (Fig. 3) .
The results for the secondary efficacy analyses showed no significant effects of AZD1446 compared to placebo on CAARS-INV subscales, ADHD Index, CGI-S, and CAARS-S/SV, including subscales, in adult patients with ADHD (both nicotine non-users and nicotine users) (Tables 2 and 3). Note that one-sided test of superiority was used for the primary endpoint CAARS-INV, DSM-IV Total score CI confidence interval. qd once daily, tid three times daily, LS least squares a Investigator-rated
Cognitive tasks
Statistically significant improvement compared to placebo was seen on the Groton Maze Learning Task (p<0.02) at week 2 in nicotine non-users when treated with AZD1446 80 mg qd (Table 4) . Trends for improvement were seen on the International Shopping List Task acquisition trials at 80 mg qd and 80 mg tid (p<0.06=0.08) ( Table 4) . These data are presented with multiplicity correction for treatment group within each test but were not corrected for multiplicity of cognitive tests. No significant effects on cognitive assessments were observed in nicotine users. There were no statistically significant effects of AZD1446 on any of the other cognitive tasks in any of the cohorts. The Stop Signal Task (SST) data did not pass quality control standards and, therefore, results from the SST are not presented.
Pharmacokinetics
The predicted half-life of AZD1446 was approximately 2 h and plasma concentrations reached maximum within less than 1 h after administration. There were no differences in AZD1446 exposure between nicotine users and non-users (Table 5) .
Adverse events
In both cohorts, adverse events (AEs) by system organ class and preferred term were similar, thus, pooled data are presented in Table 6 . There were no serious adverse events reported in the study. The most common AEs were nausea and headache. Most of the AEs were of mild to moderate intensity and self-resolving. Overall six subjects discontinued the study due to AEs (Fig. 2) : in the cohort of nicotine non-users, three subjects treated with AZD1446 80 mg tid (decreased appetite, diarrhea, and dyspepsia) and one subject with placebo (erectile dysfunction); in the cohort of nicotine users, one subject treated with AZD1446 80 mg tid (worsening of insomnia) and one with AZD1446 80 mg qd (anxiety). In both cohorts, assessment of hematology, clinical chemistry, urinalysis, ECG, and vital signs showed no clinically meaningful differences when comparing the AZD1446 treatment groups to placebo. Analysis of the POMS, total, and cluster (vigor, tension, depression, anger, fatigue, confusion) scores had no statistically (MRMM analysis) or clinically meaningful trends in any treatment groups compared to placebo. There were no major differences in suicidal ideation or behavior (C-SSR scale) between the treatment groups.
Discussion
This multicenter, randomized, double-blind, placebocontrolled crossover study evaluated the effects of 2 weeks of treatment with AZD1446 in adults with ADHD. AZD1446, compared to placebo, did not improve core clinical symptoms of ADHD as measured by the CAARS-INV Total ADHD Symptoms score. Effects of AZD1446 on CAARS-INV subscales, ADHD Index and symptom severity, CAARS-S/SV, CGI-S also did not differ significantly from placebo. Improvement compared to placebo was There may be several reasons for the negative results of this clinical trial, one being drug pharmacokinetics. Two important questions to address are whether AZD1446 crosses the blood-brain barrier in humans and if adequate central nervous system exposure was achieved with the doses tested. A positron emission tomography study has shown that AZD1446 enters the brain and reaches high (>80 %) occupancy of target receptors at the 80-mg dose (Jucaite et al. 2012) . Although receptor occupancy paradigm for agonist dose selection is not established (Grimwood 2009) , it could still serve as a framework for the choice of dose range. We also explored the effect of fluctuating exposure of AZD1446. A hypothesis was raised by preclinical studies (AZ data on file) and was in line with studies on atypical antipsychotics, which have suggested that continuous interaction with receptors may not be needed for clinical efficacy (Tauscher-Wisniewski et al. 2002) . We also considered use of nicotine among adults with ADHD. Nicotine receptor upregulation or functional changes related to nicotine use (Perry et al. 1996; Mukhin et al. 2008 ) theoretically may influence effects of nAChR agonists. Therefore, efficacy of AZD1446 in nicotine non-users and users was explored separately. Altogether, the absence of clinical effects of AZD1446 at different doses and schedules in both cohorts suggest the negative results are unlikely to be due to inadequate exposure to AZD1446 or nicotine use.
Another possible reason to the lack of efficacy could be related to the study design, e.g., crossover design per se and statistical power. In crossover design studies, there is the risk of confounding period effects which potentially could be the case in this study. However, the results of the first period did not differ from the overall study results, suggesting that such bias was not the main reason for the negative study outcome. The present study was powered to detect a five-point difference between drug treatment and placebo in ADHD CAARS-INV Total Score, but the differences observed were much smaller and nonsignificant, even with the less stringent statistical significance level than typically used in pivotal studies (p<0.1 instead of p<0.05). Large reductions in the total score Results are presented as geometric mean (CV%), except for t max, pred which is presented as median C ss, max pred predicted maximal plasma concentration at steady-state, t max, pred predicted time to Css, max, AUC ss, pred predicted area under the plasma concentration vs. time curve at steady-state, t1/2 pred predicted half-life were observed in the placebo groups, similar to the results described in other ADHD trials (Newcorn et al. 2009 ). This poses a challenge for clinical ADHD studies in general and might have contributed to the lack of efficacy in this trial. The cognitive test results warrant closer examination in light of the overall negative results of this trial. Executive function impairment is one of the core cognitive deficits in ADHD. Interestingly, treatment with AZD1446 showed numerically better performance on executive function, spatial problem solving, verbal memory, and learning compared to placebo, all for the 80-mg qd dose group in nicotine nonusers. It is worth noting that changes observed were selective for higher order functions, with no change in the lower order functions, e.g., reaction time. It may also be that overall effects of AZD1446 on cognitive performance were underestimated, as some tests in the battery were not sufficiently challenging (e.g., potential ceiling effects on ISLT), or were inconclusive (e.g., Stop Signal task, SST). Robust effects of nicotine and other α4β2* nicotinic agonists have been seen on SST performance in both adolescents and adults (Potter et al. 2004 (Potter et al. , 2008 (Potter et al. , 2013 , which in at least one case correlated with clinical effects. The lack of SST data from this trial unfortunately precluded our ability to validate this intermediate cognitive marker. Presence of effect on SST would have given an additional clue as to whether the drug activated the receptor adequately to produce positive clinical effects. On the other hand, results were at statistical trend levels, not corrected for multiple comparisons between tests and were inconsistent with respect to dose, schedule, and concomitant use of nicotine. Overall, though to be taken with caution, effects on some cognitive tests observed in the present study suggest that AZD1446 may have pro-cognitive pharmacological activity in ADHD, albeit of a magnitude with doubtful clinical significance.
The pro-cognitive effects of AZD1446 in ADHD were predicted based on demonstrated long-lasting, broad doseresponse effect on the cognitive performance in rodents. This preclinical efficacy, however, did not translate into the efficacy in adults with ADHD. Importantly, considerable rodent-to-man differences exist in the brain distribution of α4β2* nAChRs, binding specificity and subtype selectivity (Pimlot et al. 2004; Schmaljohann et al. 2004) , setting hurdles for translational pharmacology. Another difficult aspect for translational research is the lack of proven in vivo animal model for advancing novel, non-psychostimulant drugs in ADHD (Wickens et al. 2011) . The tests used in the preclinical program of AZD1446 included novel object recognition, radial arm maze, water maze, and operant visual signal detection task, which together cover domains of long-term visual episodic/declarative memory, working memory, spatial learning/memory, and sustained and selective attention Szeliga et al. 2012 , AZ data on file).
None of the known ADHD animal models were used. Several candidate paradigms, e.g., delayed reinforcement, stop-signal reaction-time tasks, that are assays of distinct types of inhibitory behaviors, have been suggested for use in ADHD (Eagle and Robbins 2003; Humby and Wilkinson 2011; Winstanley 2011) , albeit their translatability using nAChR agonists remains to be established. The need of animals with low cholinergic activity to further test cholinergic compounds has been recognized (Sarter and Paolone 2011) .
The present study showed no effect of AZD1446 on clinical symptoms of ADHD in adults and by that differs from initial studies of comparable design with other α4β2* nAChRs agonists (ABT-418, ABT-089, AZD3480). There may be several explanations for such differences. Firstly, α4β2* nAChR agonists studied so far in ADHD differ by their molecular and pharmacological characteristics, e.g., their selectivity to β2* subunits (e.g., α4β2*, α2β2*, or α6β2* subtypes) as well as affinity and potency, and different agonism profiles at high/low receptor affinity states, by level of receptor desensitization, modulation of synaptic plasticity (e.g., level of receptor dwell time at synapses) and, not least, potential induction of dopamine release (Arneric et al. 1994; Hahn et al. 2003; Marks et al. 2009; Anderson et al. 2009; von Euler et al. 2011 von Euler et al. , 2012 . Thus, by these intricate difference combinations, compounds may potentially confer different clinical effects. It remains unknown which of the described features in the complex nAChR system would be critical for the efficacy in ADHD.
Secondly, ADHD is a very heterogeneous disorder, making study results highly dependent on the population, bringing to the differences in clinical efficacy between compounds, or even between studies with the same compound. Pilot exploratory crossover design studies with small, rather homogenous ADHD populations, more stable clinical scoring, have demonstrated clinical efficacy of ABT-089 and ABT-418. The strongest effect observed was on inattention scores, further supported by effect on the laboratory measures of attention (e.g., decrease in commission errors during continuous performance task) (Wilens et al. 1999 (Wilens et al. , 2006 Apostol et al. 2012) . Encouraging results using ABT-089 were not confirmed in subsequent larger parallel group design studies neither in children (Wilens et al. 2011 ) nor adults with ADHD (Bain et al. 2012) . The lack of efficacy in children could be related to the maturation of the attentional control system (Andrews-Hana et al. 2011) . Meanwhile in adults, no significant treatment effect of ABT-089 was judged by the authors (Bain et al. 2012) as true lack of efficacy in ADHD, even though the study was not powered to detect a treatment difference to placebo and had higher proportion of inattentive subtype of ADHD in placebo group potentially enlarging placebo effects. The present study, though not directly comparable due to the use of a different α4β2* nAChRs agonist and a different design, is overall in line with these late observations on ABT-089. Nevertheless, the negative results of the present study do not preclude from further search of nAChR agonists with pharmacological activity in ADHD.
Conclusions
AZD1446 was well tolerated but did not significantly improve ADHD symptoms after 2 weeks of treatment compared to placebo. While these data do not support the therapeutic utility of AZD1446 in ADHD, the potential pro-cognitive effects of AZD1446 remain to be further characterized in other neuropsychiatric disorders.
